The uptake of homologous DNA by Haemophilus influenzae was studied as a function of the proton motive force in completely competent cultures in the pH range of 6 to 8. The composition and magnitude of the proton motive force were varied by using the ionophores valinomycin and nigericin (in the presence of various potassium ion concentrations) and by using protonophores. No interaction of the ionophores with the DNA transformation system itself was observed. Either component of the proton motive force, the electrical potential or the pH gradient, can drive the uptake of DNA, and the extent of the uptake of DNA is ultimately determined by the total proton motive force. The transformation frequency increases with the proton motive force, which reaches a maximum value at around -130 mV. These results are consistent with an electrogenic proton-DNA symport mechanism, but direct evidence for such a system is not available.
The proton motive force was followed during competence development of H. influenzae at pH 8. In the initial phase (up to 50 min), the proton motive force remained constant at about -90 niV, whereas the transformation frequency rose steeply. In the second phase, the proton motive force increased. The transformattion frequency in this phase increased with the proton motive force, as in completely competent cultures. These observations and the observed inhibition by NAD of both the proton motive force and the transformation frequency indicate that structural components of the competent state are formed in the initial phase of competence development, whereas the second phase is characterized by an increase of the proton motive force.
Uptake of DNA by bacterial cells can occur via three distinct processes: phage infection, conjugation, and genetic transformation. Recently attention has been directed towards the energetics of these processes. A growing body of evidence indicates that the proton motive force plays an essential role in DNA transport during phage infection (11, 12, 17) and bacterial conjugation (7) .
The role of the proton motive force or its components, the membrane potential (At) and the pH gradient (ApH), has also been studied in genetic transformation in the grampositive organisth Bacillus subtilis (1, 24) and in the gramnegative organism Escherichia coli (23) . The results of these studies suggest that the proton motive force plays an essential role in genetic transformation in both organisms. Grinius (6) postulated that DNA transport is driven by the proton motive force and occurs in essence via an electrogenic proton DNA symport mechanism. This hypothesis, therefore, places DNA transport within the conceptual framework of the chemiosmotic hypothesis. It should be realized that the experimental evidence in support of such a proton-DNA symport mechanism for DNA uptake during genetic transformation is not very strong at this moment. First of all, the role of the proton motive force in DNA transformation has been studied in cultures in which only a fraction of the cells were capable of transporting DNA (in B. subtilis, at the most 20% of the cells of the culture become competent for DNA uptake [25] ). An estimation of the proton motive force in competent cells of these cultures is not possible, and consequently the relationship between the proton motive force and DNA uptake cannot be studied directly. Secondly, in our studies on the role of the proton motive force in transformation in B. subtilis, we observed that the ionophores valinomycin and nigericin not only had an effect on the components of the proton motive force but also interacted directly with the binding sites of DNA in the cytoplasmic membrane (24) . Recently, it was demonstrated that these artifacts strongly depend on the concentration of the ionophores (Griniuviene et al., Abstr. FEMS Int. Symp. Environ. Regulation Microb. Metab., Pushchino, U.S.S.R., 1983, p. 216). Most of the evidence for a role of the proton motive force in DNA uptake is based on studies with these ionophores without taking into account these possible side effects (see also reference 23). These experimental difficulties make B. subtilis and E. coli less than ideal organisms for studies on the relationship between the proton motive force and DNA uptake.
Studies on DNA transformation in Haemophilus influenzae showed that cultures can be obtained in which essentially all cells are competent for DNA uptake (9) . Here we demonstrate that in H. influenzae the ionophores valinomycin and nigericin do not interfere directly with DNA binding or DNA transport. H. influenzae therefore appears to meet the optimal requirements for an investigation on the role of the proton motive force in DNA tiptake in the transformation process. This paper describes the results of these studies.
MATERIALS AND METHODS
Bacterial strains. DNA uptake was studied in the recipient Rd strain of H. influenzae, which is sensitive to 1 ,ug of novobiocin, 1 ,ug of erythromycin, and 3 ,ug of streptomycin per ml (16) . Donor DNA was isolated from a Novr Eryr strain of H. influenzae, resistant to 2.5 ,ug of novobiocin and 6 jig of erythromycin per ml and sensitive to 3 jig of streptomycin per ml. Cells were made competent in an M-IV medium according to the method of Herriott et al. (9) . By this method, completely competent cultures could be obtained. Media preparation of donor DNA, and transformation assays. The media, preparation of donor DNA, and transformation assays were as described previously (15, 16) . The transformation assays were performed in the very complex M-IV medium. In experiments with ionophores, control samples received equivalent amounts of ethanol.
Measurements of the electrical potential and pH gradient.
The electrical potential was determined from the distribution of tritium-labeled tetraphenylphosphonium as described previously (8) . Attempts were made to correct for binding of tetraphenylphosphonium to cellular components by subtracting the uptake of tetraphenylphosphonium in the presence of the uncoupler carbonylcyanide p-trifluoromethoxyphenylhydrazone (10 ,uM reviously (24 (Fig. 2) . The transformation percentage increases under all conditions with the proton motive force, with either the electrical potential or with only the pH gradient. This indicates that neither component of the proton motive force is required specifically but that the total proton motive force is decisive for the transformation percentage. This conclusion was further supported by the observation that the proton motive force was varied in completely competent cells by the addition of various concentrations of the protonophore carbonylcyanide p-trifluoromethoxyphenylhydrazone. The transformation percentages were measured under these experimental conditions and plotted as a function of the proton motive force (Fig. 3) . Similar results were obtained with 3,5-di-tert-butyl-4-hydroxybenzylidenemalononitrite and by the addition of valinomycin in the presence of different potassium concentrations (data not shown).
The logarithm of the transformation percentage increased sigmoidally with the proton motive forces, indicating an intimate relationship between the proton motive force and transformation. Maximum levels of transformation were reached at a proton motive force of around -130 mV. the generation on the cell surface of membrane extensions (2, 3, 10, 14, 26) . In conditions in which cells lose their ability to take up DNA, the cells shed these structures as free vesicles (3), suggesting that loss of the competent state of the cell is an irreversible process. To examine whether ionophores used in our experiments abolish the ability of DNA uptake irreversibly, we determined the transformation percentage after removal of the ionophores from the medium of the culture. Table 2 shows that the effect of the ionophores on the transformation percentage is completely reversible, suggesting that the ionophores do not alter the cell envelope (Fig. 4) . The results show that hardly any difference exists in the ApH values between both types of cells but that the AP (and thus the proton motive force) differs by 10 to 30 mV between competent and noncompetent cells. The proton motive force at low pH values in this experiment was slightly higher than that shown in Fig. 2 as a result of the absence of 150 mM KCl. During competence development the electrical potential of the proton motive force apparently increases. This aspect was further investigated. The electrical potential was followed during competence development in a medium of pH 8, a condition in which no ApH exists and the proton motive force is composed solely of a At. In this medium the fraction of component cells increased hyperbolically in time. The At remained constant at about -90 mV in the initial phase of competence development (up to 50 min) and increased after 50 min gradually to -130 mV, when fully competent cultures were obtained (Fig. 5) .
All studies described were performed in M-IV medium, in which the cells cannot grow and might gradually lose their viability. Treatment with the ionophores could also lead to a loss of viability. Since nonviable cells will contribute to the total internal volume of the culture but probably will not maintain a proton motive force, a considerable fraction of nonviable cells would lead to an underestimation of the proton motive force. The viability was therefore measured under the different experimental conditions used. Under no condition was the viability decreased by more than 30%. The proton motive force was therefore at the most underestimated by 7 mV (59 log 1.3).
Competence development. The results of the previous section indicate that two processes can be distinguished during competence development. The first process, the synthesis of components of the competent state, is apparently finished within the first 50 min of competence development. The subsequent increase of competence is due to an increase of the electrical potential. This conclusion is further strengthened by the results from Fig. 3 . The open circles in that figure represent the relationship between the transformation percentage and the proton motive force during competence development. It is clear that in the first phase of competence development the transformation percentage increases, whereas the proton motive force remains constant, indicating that components necessary for competence are synthesized in this phase (0 to 50 min). In the second phase (50 to 100 min) exactly the same relationship between the transformation percentage and the proton motive force is (20) . NAD does not inhibit transformation because the addition of NAD (10 ,ug/ml) to fully competent cells (after 100 min of incubation in M-IV medium) hardly affected the transformation frequency (Fig. 5 ). In agreement with this observation, no effect on the proton motive force was observed. However, if NAD is added before the proton motive force increase has occurred, a further increase of both the transformation percentage and the proton motive force is prevented (Fig. 5) .
DISCUSSION
The transformation system of H. influenzae, which is functional at neutral pH, is involved in the uptake of homologous double-stranded DNA. Below pH 5.5 another transformation system becomes operational. This system is not specific for homologous DNA and is also able to translocate single-stranded DNA (14) . In this paper only the properties of the first system have been studied. H. influenzae is an attractive organism for the study of the relationship between the proton motive force and DNA uptake. Cultures can be obtained in which all cells are competent, and the effects of variations in the magnitude and composition of the proton motive force on DNA uptake can be studied. An additional feature is that the ionophores valinomycin and nigericin appear to affect only the components of the proton motive force and do not interfere with the DNA uptake system itself, as was observed in B. subtilis (24) . Since the properties of the DNA transformation systems of H. influenzae and B. subtilis differ in several aspects (for a review see reference 4) it is not surprising that the interaction of the ionophores with these transformation systems also differs.
In H. influenzae both components of the proton motive force, the A'T and the ApH, are involved in DNA uptake. It is not clear at this moment what the exact role of the proton motive force is in this uptake process. The proton motive force can function as a driving force for the translocation process across the cytoplasmic membrane. Such a translocation process would be electrogenic and occur in symport with protons since both the At and the ApH are involved. This would agree with the model proposed by Grinius (6) for DNA uptake in B. subtilis. Another possibility is that the proton motive force affects the structural and functional properties of the membrane-bound components of the translocation system and thus controls the activity of these proteins. Such a regulatory effect by the proton motive force has been demonstrated for several transport systems in which the proton motive force controls the redox state of redox-sensitive groups in the membrane-bound proteins (13, 22) .
A combination of these roles is also possible: the proton motive force may function as a controlling factor for the functional properties and as a driving force for DNA uptake. The DNA uptake system would then behave as the proton motive force-driven solute transport systems of E. coli (13) .
A surprising observation made in this paper is the role of the proton motive force in the development of competence. In the initial phase of competence development, the proton motive force remains constant, and competence-specific proteins and special cell wall structures (2, 3, 10, 14, 26) are synthesized. In the second phase, the proton motive force and especially the electrical potential increases, and this increase leads to an increase of the degree of competence.
The mechanism behind this increase of the electrical potential is far from clear at this moment and is subject to further investigation.
